Paraoxonase 1 (PON1) prevents oxidation of low-density lipoproteins and inactivates toxic oxon derivatives of organophosphate pesticides (OPs). More than 250 SNPs have been previously identified in the PON1 gene, yet studies of PON1 genetic variation focus primarily on a few promoter SNPs (2108, 2162) and coding SNPs (192, 55). We sequenced the PON1 gene in 30 subjects from a Mexican-American birth cohort and identified 94 polymorphisms with minor allele frequencies >5%, including several novel variants (six SNPs, one insertion, and two deletions). Variants of the PON1 gene and three SNPs from PON2 and PON3 were genotyped in 700 children and mothers from the same cohort. PON1 phenotype was established using two substrate-specific assays: arylesterase (AREase) and paraoxonase (POase). Twelve PON1 and two PON2 polymorphisms were significantly associated with AREase activity, and 37 polymorphisms with POase activity; however, only nine were not in strong linkage disequilibrium (LD) with either PON1 2108 or PON1 192 (r 2 > 0.20), SNPs with known effects on PON1 quantity and substrate-specific activity. Single tagSNPs PON1 55 and PON1 192 accounted for similar ranges of AREase variation compared to haplotypes comprised of multiple SNPs within their haplotype blocks. However, PON1 55 explained 11-16% of POase activity, while six SNPs in the same haplotype block explained threefold more variance (36-56%). Although LD structure in the PON cluster seems similar between Mexicans and Caucasians, allele frequencies for many polymorphisms differed strikingly. Functional effects of PON genetic variation related to susceptibility to OPs and oxidative stress also differed by age and should be considered in protecting vulnerable subpopulations. Environ. Mol. Mutagen. 52:105-116, 2011. V V C 2010 Wiley-Liss, Inc.
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INTRODUCTION
Paraoxonase 1 (PON1) is considered a protective metabolic enzyme because it can detoxify the oxon derivatives of some organophosphate pesticides (OPs), which are known to be neurotoxic Costa et al., 2005a] . More recently, PON1 research has intensified as multiple studies have established an antioxidant role of not only PON1 (MIM 168820), but additional members of the PON gene family cluster, PON2 (MIM 602447) and PON3 (MIM 602720) Aviram and Rosenblat, 2004; Horke et al., 2007] . We previously demonstrated wide inter-individual variability of PON1 phenotypes in mothers and children . This variability may confer differential susceptibilities to OPs exposures and oxidative stress. Although the physiological mechanisms linking PON1 and disease have not been clearly established, several epidemiological studies have reported associations between PON1 genotypes and enzyme activities and many diseases including cardiovascular disease [Bhattacharyya et al., 2008 ], Parkinson's disease [Zintzaras and Hadjigeorgiou, 2004 ], Alzeheimer's disease [Erlich et al., 2006] , and diabetes [Li et al., 2005] .
Factors mediating PON1 expression and enzyme activity may play a key role in determining susceptibility to OP exposure and oxidative stress. Genetics appear to have the strongest influence on PON1 phenotype [Deakin and James, 2004; Costa et al., 2005b] . Three members of the PON gene cluster, PON1, PON2, and PON3 are adjacent to each other over a 120-kb region on the long arm of chromosome 7q21.3-22 and share approximately 65% homology at the amino acid level [Primo-Parmo et al., 1996] . While all three PON enzymes exhibit antioxidant properties [Aviram and Rosenblat, 2004] , only PON1 is capable of metabolizing toxic oxon derivatives of OPs [Draganov et al., 2005] . Studies have reported strong LD between polymorphisms in the PON2 and PON3 genes [Erlich et al., 2006; Landers et al., 2008] and some also suggest presence of LD between certain PON1 and PON3 SNPs [Landers et al., 2008; Sanghera et al., 2008] . Few studies have examined the effect of PON2 and PON3 SNPs on PON1 phenotype; however, Sanghera et al. [2008] have reported associations between several PON3 tagSNPs on PON1 activity.
Although more than 250 polymorphisms in the PON1 gene exist, most studies focus primarily on just a few known functional SNPs (PON1 2162 , PON1 2108 , PON1 55 , and PON1 192 ). Promoter SNPs, PON1 2162 , and PON1 2108 , are strongly associated with PON1 levels although PON1 2108 SNP has the largest impact [Brophy et al., 2001] . PON1 levels for the PON1 2108C allele are on average twofold higher than for the PON1 2108T allele [Deakin et al., 2003] ; in vivo studies suggest that this SNP may disrupt an Sp1 recognition sequence thereby affecting transcription [Deakin et al., 2003] . PON1 55 , a coding SNP, is also associated with PON1 levels; however, much of this effect has been attributed to its strong linkage disequilibrium with promoter SNPs [Brophy et al., 2001] . The nonsynonomous coding SNP, PON1 192 , results in an amino acid substitution from glutamine (Q) to arginine (R), dramatically affecting substrate-specific catalytic efficiency. In vitro and in vivo studies have demonstrated that the PON1 192R alloform can hydrolyze OP oxons chlorpyrifos-oxon and paraoxon more efficiently than the PON1 192Q alloform, therefore conferring a greater degree of protection from OP exposures [Costa et al., 2003] . Furthermore, structural studies using directed evolution suggest that amino acid residue Lys192 is likely part of the PON1 active site wall [Harel et al., 2004] .
Several studies have demonstrated that PON1 192 accounts for most of the variability of POase activity. For example, it explains 59% of POase activity among Caucasian and African-American adults [Bhattacharyya et al., 2008] and 48% of the variability in a Mexican-American population [Rainwater et al., 2009] . We previously showed that five known SNPs explain less POase variability in Mexican-American newborns (49%) in comparison to their mothers (63% and 78% at the time of delivery and 7 years later, respectively) [Huen et al., in press] . In contrast, the same five SNPs explain only 27% of AREase variability in newborns and even less in mothers at the time of delivery (12%); Chen et al. [2003] reported a similar trend in Caucasians, African-Americans, and Caribbean Hispanics. These data suggest that the impact of genetic polymorphisms on PON1 phenotype may differ by age. Furthermore, additional genetic variants and other factors may also influence AREase activity and therefore PON1 expression.
Studies of PON1 genotypes and phenotypes in different ethnic populations have revealed significant variation in both allele frequencies and PON1 activities. For example, the frequency of the PON1 192Q allele, which is associated with slower catalytic efficiency towards some OPs (e.g., chlorpyrifos-oxon), has a high frequency in Caucasians (0.73), but a significantly lower frequency in Mexicans (0.48) and African-Americans (0.37) [Chen et al., 2003; Rojas-Garcia et al., 2005; Holland et al., 2006] . Similarly, the PON1 2108C allele associated with increased PON1 expression has a high frequency in African-Americans (0.85) and much lower frequency in Caucasians (0.38) [Chen et al., 2003; Rojas-Garcia et al., 2005; Holland et al., 2006] . On the haplotype level, Koda et al. [2004] demonstrated that frequencies in the PON1 gene differed widely between African, European, and Japanese populations. Furthermore, certain haplotypes were unique to specific populations. Chen et al. [2005] also demonstrated that the genetic contribution of five known SNPs (at positions 2909 SNPs (at positions , 2162 SNPs (at positions , 2108 to AREase activity differs between populations. In Caucasian newborns, they accounted for 70% of activity while in AfricanAmericans and Caribbean Hispanics, they only explained 15 and 24%, respectively.
The PON1 gene has been resequenced in several populations including Yoruba of Ibadan, Nigeria, Han Chinese, Japanese, Utah residents with Northern and Western European ancestry (CEPH), and African-Americans (based on data from HapMap: http://hapmap.ncbi.nlm.nih.gov; and Seattle SNPs databases: http://pga.gs.washington.edu). To our knowledge, no resequencing data and limited genotyping data is available in Mexican and other Hispanic populations. The current data demonstrating significant differences between populations suggest that there may be genetic variants unique to or more frequent in Mexican populations in comparison to other ethnic groups. Furthermore, the genetic contribution of certain polymorphisms to enzyme activity and expression may also differ between age groups. To further characterize genetic variation of PON1 and PON family cluster genes PON2 and PON3 in a Mexican-American birth cohort from California, we resequenced all three PON genes in 30 mothers and children, and then determined the functional signifiEnvironmental and Molecular Mutagenesis. DOI 10.1002/em cance of identified polymorphisms and haplotypes in more than 200 mothers and 200 newborns. Since many studies focus primarily on coding SNPs PON1 192 and PON1 55 , we also examined how well these single SNPs characterize the variation of PON1 enzyme levels and substrate-specific activities in comparison to multiple SNPs from the same haplotype block.
MATERIALS AND METHODS

Study Subjects
The Center for Health Assessment in Mothers and Children of Salinas (CHAMACOS) is a longitudinal birth cohort of primarily MexicanAmerican families from the agricultural region Salinas Valley in Northern California [Eskenazi et al., 2003] . Enrollment of 601 pregnant women took place from 1999 to 2000. Five hundred and thirty-one of the mothers were followed through the birth of a live infant. Mothers in the CHAMACOS cohort were primarily young (mean 6 SD: 25.6 6 5.3 years), Mexican-born, Spanish-speaking women. Many of them worked in agriculture (44%) and/or lived with farm workers at the time of enrollment (84%). Ethnicity of children and mothers was based on mothers' self-report. For this analysis, we included only women and children who were of Hispanic origin, the majority of whom were Mexican (>90%). More than half of the women in CHAMACOS came from three states in Mexico: Michoacán (23%), Guanajuato (21%), and Jalisco (11%). Although we did not analyze genotypes in fathers, questionnaire data revealed that among women of Hispanic origin in this study 96% of fathers were also of Hispanic origin (reported by mothers). Therefore, women and children included in this analysis were from a relatively homogeneous population. Study protocols were approved by the University of California, Berkeley human-subjects review committee. Written informed consent was obtained from all mothers.
Blood Collection and Processing
Blood specimens were collected from mothers at the hospital shortly before or after the time of delivery. Umbilical cord blood samples were collected by delivery room staff once the baby was safely delivered. Heparinized whole blood was collected in BD vacutainers 1 (Becton, Dickinson and Company, Franklin Lakes, NJ), centrifuged, divided into plasma, buffy coats and red blood cells, and stored at 2808C. Vacutainers without anticoagulant were used to collect serum and clot. DNA was isolated from blood clots as described previously .
Resequencing of the PON1 Gene
Genomic DNA from subjects with a range of high and low PON1 activities was selected for resequencing. All exons (2,393 bp), the majority of introns (21,736 bp), and 5,000 bp portions of the flanking regions up (including the 5 0 regulatory region) and downstream (including the 3 0 UTR region) of the PON1 gene were sequenced in 14 mothers and 16 unrelated children from the CHAMACOS cohort. All exons in PON2 (1,653 bp) and PON3 (1,074 bp) were also resequenced in these subjects. Resequencing was conducted by Polymorphic DNA Technologies (Alameda, CA). DNA was sequenced both in the forward and reverse directions.
Linkage Disequilibrium Plot of Resequencing Data and TagSNP Selection
Haploview 4.1 [Barrett et al., 2005] 
Genotyping of PON Genetic Variants
Following resequencing of the entire PON1 gene and the exons of the PON2 and PON3 genes in 60 chromosomes, we genotyped a subset of SNPs, as wells as insertions and deletions (indels) in a larger set of 361 mothers and 339 children. We genotyped a panel of polymorphisms including 33 tagSNPs chosen by tagger including five PON1 SNPs genotyped for previous analyses , two PON2 coding SNPs, two PON3 SNPs, and four novel SNPs with MAF > 0.05. Since little data on PON1 indels exist, we also genotyped seven indels with MAF > 0.05. As our tagger results were based on limited data from only 30 subjects, we chose to include additional SNPs from within regions of high LD to ensure adequate coverage. We excluded three SNPs with MAF < 0.05 (rs1997230, rs1003504, and I1_Ins_A<C) and all further analyses were based on the remaining 44 SNPs with MAF > 0.05.
Genotyping of the PON1 2162 , PON1 55 , and PON1 192 polymorphisms was performed using the Taqman real-time PCR method. Primers for the nucleotide sequence flanking the SNP, and probes specific for the SNP were custom-designed by Applied Biosystems (Foster City, CA). PON1 2108 was genotyped using a fluorogenic allele-specific genotyping assay (Amplifluor). The PON1 2108 genotype required a two-part nested PCR strategy where the region surrounding the SNP was preamplified using nonallelic flanking primers before this amplicon was diluted and used as the template for the Amplifluor assay. All remaining SNPs and indels were genotyped using the multiplex platform iPlex (Sequenom, San Diego, CA). Random repeats and blanks were used as a quality assurance and control measure. More than 5% of samples were randomly repeated with a concordance rate of >99.9%. Genotype completion rate was 99.3%.
PON1Enzyme Activity Assays
Of the 361 mothers and 339 children for whom we genotyped the panel of 44 PON polymorphisms, 250 mothers and 203 newborns had plasma specimens available for assessment of PON1 enzymatic activity. The arylesterase (AREase) assay, which measures the rate of hydrolysis of phenyl acetate, is considered a marker of PON1 quantity. Several studies have reported a high correlation between Western Blot and ELISA methods using PON1 antibodies and AREase activity (r > 0.85) [Kujiraoka et al., 2000; Connelly et al., 2008] . The paraoxonase (POase) assay, which reflects both enzyme quantity and catalytic efficiency, measures the rate of hydrolysis of paraoxon (PO), the oxon derivative of the OP pesticide parathion.
PON1 substrate-specific assays were performed as described previously [Huen et al., 2009] . Briefly, levels of AREase and POase activity were determined using a Molecular Devices SpectraMax 1 PLUS Microplate Spectrophotometer. After the addition of 20 lL (1:80 dilution) of plasma to 200 lL of a 3.26 mM phenyl acetate solution (9 mM Tris-HCL, pH 8.0, 0.9 mM CaCl 2 ), the rate of formation of phenol was monitored every 15 sec for 2 min (270 nm, ambient temperature) for measurement of AREase activity. For POase activity determination, the rate of formation of p-nitrophenol was measured after the addition of 20 lL (1:10 dilution) of plasma to 200 lL of 1.2 mM paraoxon (2 M NaCl, 0.1 M Tris-HCL, pH 8.5, 2.0 mM CaCl 2 ) every 15 sec for 2 min (405 nm, 378C).
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Statistical Analysis
Assuming a binomial distribution for the likelihood of finding polymorphic sites, our a priori power calculations revealed that resequencing of 60 chromosomes (from 30 subjects) would yield with 95% confidence all polymorphisms occurring with 5% frequency or higher. We also calculated the power to detect associations between SNPs and PON1 activity using a codominant model. We used a conservative Bonferonniadjusted significance value of 0.0009 (adjusting for 54 SNPs) and determined that in a population of 250 mothers, there was 80% power to detect of difference of 223 U/L in POase activity for SNPs with a MAF of 0.5. In SNPs with a MAF of 0.2, there was 80% power to detect of difference of 302 U/L in POase activity.
Although additional factors such as nutrition and alcohol and tobacco consumption [Deakin and James, 2004; Costa et al., 2005b ] also influence PON1 activity, genetics have been shown to play a much more significant role. Using univariate regression models, we determined whether variables such as OP exposure (urinary dialkylphosphate metabolites), alcohol, and tobacco consumption, and some sociodemographic factors were also associated with PON1 activity in our CHAMACOS subjects. Of the potential confounders tested, only the number of years that the mother lived in the United States, which was previously shown to be correlated with differences in nutrition in the CHAMACOS cohort [Harley et al., 2005] , was negatively associated with AREase and POase activity in newborns (P 5 0.04 and P 5 0.02, respectively). However, in this article, we focused on the effects of genotypes and age on PON1 activity, inclusion of the length of time lived in the United States in statistical models did not significantly change the relationship between the main variables of interest (genetic polymorphisms) and PON1 enzymatic activities (data not shown).
Gendist software was used to calculate the Nei's genetic distance based on allele frequencies in our Mexican CHAMACOS subjects from Salinas Valley, Hap Map Mexicans from Los Angeles and Seattle SNPs Caucasians (http://www.psc.edu/general/software/packages/phylip/ manual/gendist.html). We used a chi squared test to compare allele frequencies between mothers and children and also to compare allele frequencies from sequencing to those calculated from genotyping data.
To determine the functional significance of the 44 polymorphisms in our genotyping panel, we used PLINK 1.06 [Purcell et al., 2007] to perform single-marker association tests. The false discovery rate (FDR) method of Benjamini and Hochberg [1995] was used to adjust for multiple testing. To determine whether SNPs significantly associated with AREase or POase activity further improved the variance explained by the five well-characterized SNPs (at positions 2162, 2108, 55, and 192), we calculated the difference between coefficients of determination (R 2 ) for the full model including the SNP in question and the five known SNPs in comparison to a restricted models containing just the five known SNPs in STATA 10.0 (College Station, TX). A post-estimation Wald test was then performed to examine whether the fit of the full model was significantly better than the restricted model containing only the four well-known SNPs. PLINK was also used to compare the proportion of variance explained by functional SNPs versus multiple SNPs from the haplotype block within which they reside. The coefficient of determination (R 2 ) of the regression model containing the single functional SNP (PON1 55 or PON1 192 ) was calculated for both AREase and POase activity in mothers and children. Similarly, regression models (conditional haplotype-based testing) using inferred haplotypes comprised of multiple SNPs from either haplotype block 1 or 2 were performed for both AREase and POase activity.
RESULTS
Identification of Genetic Variants in the PON Gene Cluster
In the PON1 gene, we identified 126 SNPs, four insertions, and eight deletions in CHAMACOS mothers and children. The distribution of polymorphisms (including SNPs, insertions, and deletions) throughout the gene and approximate frequencies are shown in Figure 1 . We did not observe any significant differences in allele frequencies of these genetic variants in mothers compared to children (P 0.05, v 2 test). Only 15 genetic variants were located in exons, while the majority of them (70%) were found in intronic regions. Of the PON1 polymorphisms identified in the Mexican-American CHAMACOS subjects, 26 SNPs, two insertions, and two deletions have not been reported in the current build (130) of the dbSNP database (http://www.ncbi.nlm.nih.gov/projects/SNP). In PON2, we observed two known nonsynonomous SNPs in exons 5 and 9 (A148G, rs12026; and S311C, rs7493) with MAF 5 23% and also two novel polymorphisms in exon 9: a rare (MAF 5 2%) SNP and a three-base pair insertion (MAF 5 7%). In PON3 exons, we found only two SNPs. Both were common (MAF 5 23 and 40% for rs13226149 and rs1053275, respectively) and had been previously described in other populations.
SNPs with a minor allele frequency greater than 20% in Mexican-American subjects from Northern California (Salinas Valley) are presented in Table I . Allele frequencies calculated from sequencing DNA from 30 subjects were not significantly different from those determined by subsequent genotyping (in parentheses in Table I ) of DNA from more than 700 subjects after adjusting for multiple Environmental and Molecular Mutagenesis. DOI 10.1002/em Mexicans. There were also a few SNPs whose frequencies were more comparable to those reported in Caucasians than Hap Map Mexicans (i.e., rs2299261 and rs2074351). Indels identified in our cohort are summarized in Table  II . Frequencies ranged from 3 to 34% for insertions and 7-30% for deletions. Although some of the indels have been previously reported in dbSNP, their population frequencies were only described in Caucasians for 5 of the 12 indels identified, and no frequencies were available in Mexican or Hispanic populations. All insertions were located in introns as were all but two of the deletions.
Insertions ranged from 1 to 4 base pairs in length and deletions ranged from 1 to 9 base pairs.
Linkage Disequilibrium Patterns in Salinas Mexicans
The linkage disequilibrium (LD) structure in 60 chromosomes of Salinas Mexican-Americans is shown graphically in Figure 2 . The LD plot in this figure includes all SNPs (1,000 base pairs up and downstream of PON1) with MAF > 10% whose genotype distributions did not deviate significantly from Hardy-Weinberg equilibrium. Using the confidence interval definition of Gabriel et al. [2002] , we found three haplotype blocks in the PON1 gene for our cohort. Block 1 (5 kb) included the nonsynomous SNP PON1 55 (rs854560). Haplotype block 2 (5 kb) included the main coding SNP PON1 192 (rs662) and haplotype block 3 spans the 3 0 UTR region. Overall, the LD plot demonstrates the existence of several smaller regions of strong LD separated by regions of high recombination rather than one large nonrecombinant block spanning the entire PON1 gene region. The SNPs in the promoter region were also in high LD with each other although this small block did not meet the definitions of a haplotype block using the Gabriel et al. [2002] algorithm.
Functional Activity of PON1SNPs
Following resequencing of the PON cluster genes, we further genotyped 48 PON polymorphisms in 361 mothers and 339 children, 44 of which had MAFs > 0.05. Minor allele Environmental and Molecular Mutagenesis. DOI 10.1002/em frequencies are included in parentheses in Table I . Distributions of AREase and POase activities in newborns and mothers are shown graphically in Figure 3 . In newborns, seven SNPs were associated with AREase activity after adjusting for multiple comparisons (Table III) . The promoter SNP PON1 2108 , along with two SNPs in high LD with it (PON1 2909 and rs854570), were strongly associated with AREase activity and the PON1 2108 SNP had the most noticeable impact (b 5 28.8 U/mL and R 2 5 0.12). The coding SNP PON1 55 , along with three SNPs in high LD with it (rs854463, rs854561, and rs854549), was also associated with AREase activity (b 5 210.4 U/mL and R 2 5 0.10). In CHAMACOS mothers, there was a similar influence of promoter SNPs on AREase activity (Table III) . However, the PON1 55 coding SNP and the two SNPs in high LD with it were no longer associated with AREase activity. Several variants not highly correlated to PON1 2108 or PON1 192 , including a deletion in the 5 0 UTR (FUTR_Del_ATG), one intronic SNP (rs3917328), one 3 0 UTR SNP (rs854550), one SNP located in the 3 0 UTR region of the nearby gene PPP1R9A (rs17773605), one PON3 SNP, and two PON2 SNPs were significantly associated with AREase activity. SNPs rs3917328, rs854550, and rs17773605 are predicted microRNA (miRNA) binding sites [Xu and Taylor, 2009] , suggesting a possible mechanism by which these SNPs could affect gene expression [Borel and Antonarakis, 2008] .
In CHAMACOS newborns, the majority of SNPs with noticeable effect on AREase activity were also significantly associated with POase activity, which was anticipated since enzyme quantity also affects POase activity (Table III) . The coding SNP PON1 192 was strongly associated with POase activity and explained 32% of POase variation. The single base pair deletion located in intron 7 (rs3917549) accounted for slightly more variance than PON1 192 (36%). This is likely due to its LD with both PON1 192 and PON1 2108 SNPs. Four intronic SNPs (rs3917477, I1_SNP_A>C, rs62467349, rs2299255) not highly correlated (R 2 < 0.20) with the known functional PON1 SNPs (PON1 192, PON1 2108, PON1 2162 , and PON1 55 ) were significantly associated with POase activity in newborns.
Similar to newborns, most of the SNPs associated with AREase activity also affected POase activity in CHAMACOS mothers. PON1 192 explained almost twofold more POase variation in mothers (60%) compared Environmental and Molecular Mutagenesis. DOI 10.1002/em to newborns (32%). In addition to the same four intronic SNPs that were associated with POase activity in newborns (rs3917477, I1_SNP_A > C, rs62467349, and rs2299255), two more intronic SNPs (I1_SNP_G >C, rs3917528), and two SNPs in the 3 0 UTR region (rs854551 and rs854550) were also associated with POase activity in mothers. As mentioned earlier, rs854550, which significantly affected AREase activity in mothers but not newborns, is a putative miRNA binding site [Xu and Taylor, 2009] . Using regression analysis, we found that including the intronic SNP rs3917550 into the model containing four known functional PON1 SNPs (PON1 2162, PON1 2108 , PON1 55, and PON1 192 ), modestly (1.3%) but significantly improved assessment of functional significance of genetic variation on POase activity (P 5 0.02, Wald test). Similarly, inclusion of either rs62467349, rs854550, or rs2299255 (all intronic SNPs) also yielded models that explained slightly more (0.2-0.7%) POase variance than the four functional SNPs alone (P < 0.05, Wald test).
Comparison of Phenotypic Effects of Single SNPs versus Their Haplotype Blocks
The majority of genetic studies involving PON1 primarily focus on known functional SNPs, particularly nonsynonomous coding SNPs PON1 55 andPON1 192 . We sought to determine whether using these single SNPs in association studies with molecular phenotype adequately captures the variation of the entire haplotype blocks within which they reside. We performed regression modeling to calculate the variance of AREase and POase explained by single functional SNPs (PON1 55 and PON1 192 ) and inferred haplotypes comprising multiple SNPs within the same haplotype block (1 or 2). The results are presented in Table IV . In both newborns and mothers, inferred haplotypes containing the six SNPs in haplotype block 1 explained only 2-3% more of the variance of AREase activity than the PON1 55 SNP alone. In contrast, they explained threefold more POase variation (36-56%) than the PON1 55 SNP alone (11-16%). This threefold difference was likely driven by the strong correlation between two SNPs in this haplotype block (rs3917503 and rs854558) with PON1 192 , a main determinant of POase activity.
In CHAMACOS newborns, the haplotype block 2 SNPs explained an additional 4% of POase variation compared to PON1 192 (32%) alone. In mothers, where the PON1 192 SNP explains almost twofold more POase activity variation (60%), the haplotype block 2 SNPs accounted for a similar amount of variation (62%).
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DISCUSSION
In this study, we resequenced PON cluster genes PON1, PON2, and PON3 in 16 children and 14 mothers of Mexican ancestry living in Salinas Valley, California, and identified more than 90 genetic variants, including indels, which have not been previously explored, and also some novel SNPs. Many of these variants had significantly different allele frequencies in comparison to Caucasians, despite an overall similar haplotype structure within the PON gene cluster. Several PON variants in CHAMACOS mothers and children, not in strong LD with main PON1 SNPs (R 2 < 0.20), including a newly identified deletion in the 5 0 UTR, were found to be associated with AREase and POase activity that are predictive of susceptibility to OPs and oxidative stress. Multiple polymorphisms provided a modest improvement of the assessment of functional significance for PON levels and substrate-specific activities in comparison to the haplotype tagSNPs. Functional effects of PON genetic variation also differed by age and should be considered in protecting vulnerable subpopulations.
Overall, the distribution and location of haplotype blocks was similar in CHAMACOS Mexican-Americans from Salinas Valley, CA and Caucasians (HapMap data) with several regions of strong LD separated by regions of high recombination. In the CEPH population, Jarvik et al.
[2003] described four nonrecombinant regions-one at the promoter region, one near the PON1 55 SNP, one encompassing the PON1 192 SNP, and one at the 3 0 UTR region. Likewise, in Salinas Mexicans, we observed high LD in the promoter region and identified haplotype blocks surrounding the two nonsynonomous coding SNPs (blocks 1 and 2) and the 3 0 UTR region (Block 3). While the LD structure in Salinas mothers and children appears similar to that found in Caucasians, we did observe one important difference between the two; in Mexicans, many SNPs in haplotype blocks 2 and 3 were highly correlated with each other (across blocks), whereas these two blocks were more distinct with low LD between SNPs in CEPH subjects.
Although differences in LD structure between ethnic groups were modest, allele frequencies for some SNPs varied more noticeably. Several studies have previously demonstrated that the genotype distributions of the four main functional PON1 SNPs (192, 55, 2108, 2162) vary widely across ethnic groups [Chen et al., 2003; RojasGarcia et al., 2005] . Here, we found allele frequencies of other PON1 polymorphisms in our population were also quite different from other studied groups. For instance, 12 SNPs with MAF less than 5% in Caucasians had much higher frequencies (20% or higher) in Mexicans. These potentially important and common SNPs could easily be overlooked in other studies if they are rare in well-characterized populations. Our data may aid study design in future PON genetic association studies in Mexican and other Latino populations, providing more detailed data on LD structure and further informing tagSNP selection.
Indels are the second most frequent type of polymorphism in the genome and have been associated with human diseases [Zoghbi and Orr, 2000; Kondrashov and Rogozin, 2004; Sun et al., 2007] . Despite their potential relevance, few PON1 indels have been functionally characterized. We observed four insertions and eight deletions in the PON1 gene, four of which were novel. Furthermore, four deletions and one insertion were significantly associated with either AREase or POase activity. Since several of them were also correlated with the coding SNP PON1 55 , it is not clear whether these associations are due to the indels themselves or to their LD with PON1 55. Future studies should include additional types of sequence variations like indels because they are common genetic variants with likely functional significance.
Genetic association studies often focus on coding SNPs, particularly nonsynonomous SNPs resulting in amino acid changes because they are likely to be functional. However, recent studies suggest that SNPs in other regions of the genome, including introns and 3 0 UTR regions may also have functional consequences. Intronic SNPs can affect splicing elements thereby influencing transcription and gene expression [Le Hir et al., 2003] . In our study, we identified several intronic SNPs which were associated with AREase and POase activity. Splicing is one potential mechanism explaining their impact on PON1 phenotype. MicroRNA, which is involved in post translational regulation of gene expression, binds to sequences in the 3 0 UTR region [Borel and Antonarakis, 2008] . Several studies have shown SNPs in these miRNA binding sites can mediate regulation of gene expression [Abelson et al., 2005; Sethupathy et al., 2007] . In our study, we identified several SNPs in the 3 0 UTR that are predicted miRNA binding sites and were associated with AREase activity. Future studies employing reporter silencing assays may help to establish whether these Environmental and Molecular Mutagenesis. DOI 10.1002/em SNPs affect gene regulation through miRNA-mediated mechanisms.
Since the LD structure of PON1 comprises 4 haplotype blocks in Caucasians, Jarvik et al. [2003] previously suggested that most of PON1 variation could be captured using just the two promoter SNPs PON1 2108 and PON1 2162 and the two coding SNPs PON1 55 and PON1 192. Indeed many studies, including our own, have examined effects of these SNPs (and also PON1 2909 ). In this study, we extended our analyses to include SNPs and indels spanning the entire PON gene cluster and identified several additional genetic variants associated with AREase and POase activity. However, in combination with the four known functional SNPs, they still only explain a small percentage of additional phenotypic variation. Particularly with AREase activity, other factors including genetic variants in other genes, environmental exposure or epigenetic modification may also influence PON1 expression. We also found that similar to previous studies showing differences in the percent variation explained by the same SNPs in newborns and mothers [Chen et al., 2003; Holland et al., 2006] , the relative contribution of some SNPs to PON1 phenotype was different in these age groups. For instance, the 3 0 UTR SNP (rs854551) was not significantly associated to POase activity in newborns, yet was strongly associated with POase activity in mothers (P 5 1.14 3 10 23 ). These data suggest that the role of specific genetic variants is not static and at different ages or physiological conditions (at the time of delivery), their relative influence on PON1 phenotype may change.
In conclusion, we sequenced PON family genes in a cohort of Mexican-American children and mothers from Salinas Valley, CA, and identified several novel SNPs, and indels including several SNPs in introns and the 3 0 UTR, some of which were independently associated with PON1 phenotype. Allele frequencies of many of the SNPs were quite different in our Mexican-American subjects in comparison to Caucasians. In addition, the relative genetic contribution of PON1 SNPs toward molecular phenotype (enzyme activity) differed between mothers and their children. These functional effects of PON variation should be considered in protecting vulnerable subpopulations from OPs and other inducers of oxidative stress. Ethnic differences in the frequency and distribution of susceptible genotypes should also be taken into account in genetic association studies of PON.
